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Heptagon-Fusion as a Molecular Design Strategy for Distorted 
Acenes 

Masato Hisada,a Daiki Shimizu,*a and Kenji Matsuda*a,b 

Distorted acenes have attracted considerable attention owing to their 3-D structures and curvature-dependent properties, 

which are being used to develop novel organic functional materials. Herein, we report a series of diphenylene-fused acene 

derivatives incorporating doubly heptagon-fused structures. The introduced heptagons induced two stable conformations, 

twisted and saddle forms, to the acene cores. Kinetic analyses revealed that the isomerization barrier between the twisted 

and saddle forms increased with increasing acene length. The twisted isomers exhibited red-shifted absorption spectra 

compared to the corresponding saddle isomers. Quantum chemical calculations suggest that the narrower band gaps of the 

twisted isomers primarily originate from the smaller HOMO–LUMO gaps of the twisted acene cores compared with those of 

the saddle acene cores. These results not only provide a new design strategy for distorted acenes but also provide insights 

into their unique properties.

Introduction 

Introducing distortion into planar π-conjugated systems can 

yield 3-D structures, such as bowl- and helical-shaped molecules, 

with curvature-dependent properties.1–10 The development of 

distorted π-conjugated systems has provided crucial insights 

into the design and understanding of novel organic functional 

materials. In particular, distorted acene derivatives have been 

extensively explored experimentally by (1) introducing steric 

hindrance at the periphery,11–18 (2) tethering with a cross-

linking chain (Fig. 1a,b), 19,20 and (3) fusion with helically twisted 

PAH.21–23 In the former strategy, firstly proposed by Pascal, the 

incorporation of bulky peripheral substituents onto acenes 

induces a crowded and twisted structure with pronounced end-

to-end torsion angles (up to 184° for tetrabenzohexacene 

derivative 1).16 However, this strategy is unsuitable for studying 

chiroptical properties because of the low racemization barrier 

and fast racemization owing to rotatable substituents. In the 

second strategy, the incorporation of cross-linking chains onto 

anthracene cores along the diagonal direction produced twisted 

anthracenes 2-Cn (n = 3–6) with end-to-end torsion angles 

ranging from 23° to 38°, depending on the chain length.19 

However, this method has not yet been applied to larger acenes.  

Although the scope of current design strategies for distorted 

acenes remains limited, twisted acenes exhibit chiroptical 

properties, red-shifted absorption spectra, and enhanced 

intersystem crossing rates as end-to-end torsion angles 

increase.19,24 Theoretical study suggested that the twist of 

acenes induces diradical character25 and reduces the HOMO–

LUMO gap (EHL), while bending distortions exert only a minor 

influence on the EHL.26  

The introduction of non-hexagonal rings into π-systems 

leads to non-planar structures.3,5–7,27–43 Recently, Swager 

reported a fused decapyrrolyl anthracene 3, and Uno reported 

a fused octapyrrolyl naphthalene derivative (Fig. 1c).31,42 Both 

compounds contained multiple heptagons and featured twisted 

acene moieties, with end-to-end torsion angles of 66° for 3 and 

26° for the naphthalene derivative. These compounds display 

low first oxidation potentials (E1/2
ox1 = −0.40 V for 3 and −0.52 V 

for the naphthalene derivative), and DFT calculations revealed 

that the HOMOs are delocalized primarily over the fused pyrrole 

moieties rather than the acene moieties. While the pyrrole-

fusion strategy generates twisted acenes by introducing 

heptagons, the pronounced substituent effects make it difficult 

to investigate the relationship between the distortion of acenes 

and their physical properties. 

Recently, we reported heptagon-fused tetracene Tet7 with 

a diphenylene-fused structure in two isolable conformations: 

C2h-symmetric saddle-Tet7 and D2-symmetric twisted-Tet7 (Fig. 

1d,e).43 The twisted isomer possesses a twisted tetracene core, 

whereas the saddle isomer exhibits a saddle-shaped tetracene 

core. These two conformers displayed curvature-dependent 

properties; for instance, the twisted form showed a more red-

shifted absorption spectrum and greater photo-oxidation 

stability than the saddle conformer. While our previous study 

on Tet7 highlighted its promising performance in organic FET 

and solar cells, a systematic investigation of shorter acene cores 

is essential to fully elucidate how acene length governs core 
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flexibility, isomerization barriers, and electronic structure. Such 

fundamental insights provide an indispensable benchmark and 

design platform for the precise control of next-generation 

distorted π-electron materials. 

Therefore, in this study, we synthesized a series of 

heptagon-fused naphthalene and anthracene derivatives, 

Naph7 and Ant7, to generalize the heptagon-fusion strategy as 

a design approach for introducing in-plane strain into acenes 

(Fig. 1f). Their physical properties were characterized to 

examine the impact of acene distortion. It should be noted that 

a derivative of Naph7 bearing CF3 substituents has been 

reported by Leowanawat et al.; its characterization has been 

limited to absorption and fluorescence properties.34 

Fig. 1. Structures of (a) highly substituted acene 1, (b) tethered acenes 2-Cn (n = 3–6), (c) 

fused decapyrrolyl acene 3, (d) twisted-Tet7, (e) saddle-Tet7, and (f) heptagon-fused 

acene derivatives. For the X-ray structures, the hydrogen and fluorine atoms were 

omitted for clarity. Distorted acene moieties are highlighted in orange, while the other 

moieties are shown in transparent form.44 

Results and Discussion 

Synthesis 

The synthesis of heptagon-fused tetracene Tet7 was 

previously reported,43 which employed a reductive coupling 

reaction as a key step for constructing incorporated heptagons. 

The widely used oxidative fusion reaction yielded an 

undesirable fused product when applied to rubrene. Here, we 

applied the reductive fusion strategy to synthesize heptagon-

fused naphthalene Naph7 and anthracene Ant7 (Scheme 1). 

Firstly, compound 4 was prepared from 1,4-diiodobenzene in 

three steps. The Diels–Alder reaction of 5/6 (for Naph7/Ant7) 

and in situ generated benzyne from 4 afforded the 

corresponding cycloadducts 7/8. Finally, the intramolecular 

Yamamoto coupling reaction of 7 and 8 with Ni(cod)2 furnished 

Naph7 and Ant7 in 6% and 21% yields, respectively. An excess 

amount of Ni(cod)2 was used for the reproducibility of the multi-

step fusion process.‡ We consider the primary bottleneck 

leading to the low yields to be the reductive cyclization step. MS 

analysis revealed that the major byproducts were partially 

fused intermediates and dehalogenated species, although their 

isolation was precluded by the formation of multiple 

atropisomers with overlapping chromatographic profiles. 

The 1H NMR spectrum of Naph7 displayed five signals in the 

aromatic region, consistent with its structure (Fig. S11). On the 

other hand, Ant7 exhibited two sets of signals in an 

approximately 1:9 ratio, similarly to Tet7, indicating a mixture 

of two conformers. One minor and two major components were 

separated by chiral HPLC from the solution of Ant7. The 

separated major components showed mirror-image CD spectra. 

In addition, both the major and minor conformers of Ant7 

exhibited 11 1H NMR signals in the aromatic region, indicating a 

two-fold symmetry. (Fig. S17,S22) These results revealed that 

the major conformer is chiral twisted-Ant7 and the minor 

conformer is achiral saddle-Ant7. Interconversion between the 

two conformers of Ant7 occurred slowly at room temperature, 

as discussed later. 

Structural analysis 

Recently, our group has reported the single crystal 

structures of twisted-Tet7 and saddle-Tet7.43 Single crystals of 

twisted-Naph7 and twisted-Ant7 suitable for X-ray 

crystallographic analysis were obtained by the vapor diffusion 

method at room temperature (Fig. 2a,b). The twisted structures 

of both twisted-Naph7 and twisted-Ant7 with pseudo-D2 and 

pseudo-C2 symmetry were found in the space groups I2/a and 

P21/n, respectively. For twisted-Naph7, The asymmetric unit of 

the crystal contains two independent but almost identical 

molecules, and one of which is shown in Figure 2 (Table S2). The 

end-to-end torsion angles (l) defined by four carbon atoms at 

the edge of the acene moiety were 32° for twisted-Naph7, 30° 

for twisted-Ant7, and 26° for twisted-Tet7, which were 

comparable with those of the tethered anthracene 2-Cn.17 The 

average torsion angles between the acene moiety and the 

diphenylene moiety ( 𝜑෥ ) were 36° (twisted-Naph7), 41° 

(twisted-Ant7), and 45° (twisted-Tet7).  

The structures of the twisted and saddle isomers of the 

fused acenes were further investigated by DFT calculations. The 

energy-minimized geometries of all twisted isomers and saddle-

Tet7 closely matched with the corresponding X-ray structures 

(Table S2, Fig. S30,S31). The calculated saddle-shaped 

conformers of Naph7 and Ant7 are shown in Fig. 2d,e, 

exhibiting pseudo-C2h (saddle-Naph7) and pseudo-Cs (saddle-

Ant7) symmetry. The calculated end-to-end angles (l) of all 

saddle-conformers were 0°, and the dihedral angles between 
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the acene core and diphenylene moiety (𝜑෥) were compatible 

with those of the corresponding twisted conformers (35° for 

saddle-Naph7, 38° for saddle-Ant7, and 42° for saddle-Tet7 (X-

ray: 43°)). The acene moiety of the saddle-isomers possesses a 

doubly bended structure with bend angles (acd, deb) of (164°, 

164°) for saddle-Naph7, (166°, 159°) for saddle-Ant7, and (161°, 

161°) for saddle-Tet7 (X-ray: 161°, 161°). 

 

 

 

Scheme 1. Synthesis of heptagon-fused naphthalene Naph7 and heptagon-fused anthracene Ant7. 

 

Fig. 2. (a–c, f) X-ray structures of (a) twisted-Naph7, (b) twisted-Ant7, (c) twisted-Tet7,43 and (f) saddle-Tet743; (d,e) optimized structures of (d) saddle-Naph7 and (e) saddle-Ant7 

calculated at the B3LYP/6-31G(d) level. The average torsion angle 𝜑, end-to-end dihedral angle l, and angles acd deb are shown. Hydrogen atoms are omitted for clarity. In (a,b,c,f), 

thermal ellipsoids are shown at the 50% probability. One of the two almost identical molecules in the asymmetric unit is shown for twisted-Naph7 and saddle-Tet7. 

Kinetics of the isomerization pathway between the conformers 

The thermodynamics and kinetics of the isomerization 

between the saddle and twisted conformers of Naph7 and Ant7 

were investigated by 1H NMR spectroscopy. While the saddle 

and twisted conformers of Ant7 could be separated by HPLC, 

HPLC analysis on Naph7 showed a single peak, and the 1H NMR 

spectra of Naph7 remained unchanged down to −80 °C in CD2Cl2 

(Fig. S32). These results indicate the presence of only one 

conformer in solutions or very rapid interconversion between 

the conformers of Naph7. For Ant7, interconversion between 

the conformers was observed without detectable intermediates 

or byproducts (Fig. 3a, Fig. S33,S34). Based on the equilibrium 

ratio of Ant7 determined by the 1H NMR spectra 

(saddle/twisted = 0.131/1 at 25 °C, 0.125/1 at 20 °C, 0.123/1 at 

15 °C), the isomerization enthalpy (H) and entropy (S) were 
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estimated to be 4.5 kJ·mol–1 and –1.8 J·mol–1·K–1, respectively 

(Fig. 3b). The rate constants for the saddle-to-twisted 

(ktwistsaddle) and the twisted-to-saddle (ksaddletwist) processes 

were obtained by fitting the data to a reversible first-order 

interconversion model (See the SI for details). Eyring plots using 

these rate constants yielded activation enthalpy (H‡) and 

entropy (S‡) of 63.7 kJ·mol–1 and –0.114 kJ·mol–1·K–1 for the 

saddle-to-twisted isomerization, and 68.2 kJ·mol–1 and –0.119 

kJ·mol–1·K–1 for the twisted-to-saddle isomerization, 

respectively (Fig. S36). Both H‡ were smaller than those of 

Tet7 (128.4 kJ·mol–1 for twisted-to-saddle isomerization, 143.8 

kJ·mol–1 for saddle-to-twisted isomerization),43 which was 

attributed to reduced repulsion in the transition state. 

The observed isomerization dynamics between the 

conformers were further investigated using quantum chemical 

calculations at the B3LYP/6-31G(d)//B3LYP/6-311G(2d,p) level 

(Fig. 3c). In contrast to Tet7,43 the calculations predicted that 

the twisted isomers of Naph7 and Ant7 are the global minima. 

The saddle conformations were calculated to be 16.3 kJ·mol–1 

(Naph7) and 2.4 kJ·mol–1 (Ant7) higher than the twisted form at 

25 °C. For Naph7, the calculated equilibrium ratio (0.999/0.001 

= twist/saddle at 25 °C) suggested that Naph7 predominantly 

existed as a twisted isomer in solution. The most plausible 

isomerization pathways are shown in Fig. 3c. The isomerization 

of Naph7 proceeds via a transition state, TS1, associated with 

the inversion of the diphenylene moiety, with an activation 

barrier of 80.3 kJ·mol–1. In the case of Ant7, the isomerization 

occurs through two transition states, TS1 (89.0 kJ·mol–1) and 

TS2 (100.0 kJ·mol–1). The structure and energy of TS1 are similar 

between Naph7 and Ant7. In the case of Tet7, isomerization 

proceeds via TS2 and TS3, and the TS2 of Ant7 and Tet7 were 

also structurally and energetically similar. The highest 

isomerization barrier of Tet7 was TS3 at 146.1 kJ·mol–1. These 

theoretical activation barriers are in good agreement with the 

experimental results (103.6 kJ·mol–1 at 25 °C for Ant7, 136.2 

kJ·mol–1 at 25°C for Tet743). 
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Fig. 3. (a) 1H NMR spectra of twisted-Ant7 and saddle-Ant7 during the progress of saddle-to-twisted isomerization in dichloromethane-d2 at 25°C after 0 h (start), 6 h, and 21 h 

(equilibrium), (b) thermodynamics parameters of Naph7, Ant7, and Tet7,43 and (c) isomerization pathways between the twisted and saddle isomers for Naph7, Ant7, and Tet743 

calculated at the B3LYP/6-31G(d)//B3LYP/6-311G(2d,p) level. 

 
Fig. 4. (a) Absorption, fluorescence, and CD spectra, (b) photophysical parameters of Naph7, twisted-Ant7, saddle-Ant7, twisted-Tet7,43 and twisted-Tet743 in toluene, and (c) 

molecular orbital diagram of saddle-Naph7, twisted-Naph7, saddle-Ant7, twisted-Ant7, saddle-Tet743, and twisted-Tet743 calculated at the (TD-)B3LYP/6-31G(d)//B3LYP/6-

311G(2d,p) level.

Photophysical properties 

To clarify the impact of molecular conformation on the 

electronic characteristics, we measured the absorption and 

fluorescence spectra of Naph7, saddle-Ant7, and twisted-Ant7 

in toluene (Fig. 4a,b). The spectra of saddle-Tet7 and twisted-

Tet7 in toluene were reported in our previous work.43 Naph7 

showed the lowest energy absorption maximum at 415 nm ( = 

1.31 × 104 cm–1M–1) and 0-0 emission band at 435 nm (f = 0.20). 

For Ant7 and Tet7, twisted isomers exhibited red-shifted 

absorption spectra relative to the corresponding saddle 

isomers; 508 nm ( = 1.07 × 104 cm–1M–1) for twisted-Ant7, 483 

nm ( = 1.50 × 104 cm–1M–1 ) for saddle-Ant7, 651 nm ( = 1.13 

× 104 cm–1M–1) for twisted-Tet7, and 591 nm ( = 1.68 × 104 cm–

1M–1) for saddle-Tet7. The emission spectra of saddle-Ant7 and 

twisted-Ant7 are quite similar (em = 539 nm for saddle-Ant7 

and 541 nm for twisted-Ant7). The excitation spectra matched 

their absorption spectra, confirming that the similar emission 

arises from distinct conformations (Figures S39 and S40). In the 

case of Tet7, the twisted isomer exhibited red-shifted 

fluorescence spectra compared to the saddle isomer (em = 611 

nm for saddle-Tet7, and em = 663 nm for twisted-Tet7, Fig. 4a). 

The saddle and twisted isomers possess compatible dihedral 

angles between the acene core and the fused diphenylene 

moiety. Therefore, the observed trend in the optical band gaps 

is primarily attributed to structural distortion of the acene core, 

rather than to variations in the π-extension of the diphenylene 
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units. The fluorescence quantum yield of saddle-Ant7 (f = 

0.49) is smaller than that of twisted-Ant7 (f = 0.62) due to the 

twice faster non-radiative decay of saddle-Ant7 (knr = 0.11 ns–1) 

compared to that of twisted-Ant7 (knr = 0.05 ns–1). The small 

quantum yield of Naph7 (f = 0.20) is also attributed to the high 

knr (0.82 ns–1). The fluorescence and excitation spectra of Naph7 

are independent of the excitation and monitoring wavelengths, 

supporting the conclusion that Naph7 predominantly exists as 

a twisted isomer in solution (Fig. S38). The enantiomers of 

twisted-Ant7 and twisted-Tet7 showed mirror-image circular 

dichroism (CD) spectra (Δ = 36 M−1cm−1, |gCD| = 3.7 × 10−3 at 

508 nm for Ant7, and Δ = 56 M−1cm−1, |gCD| = 4.9 × 10−3 at 651 

nm for Tet743), respectively (Fig. 4a).  

The electronic transition characters were disclosed by TD-

DFT calculations at the TD-B3LYP/6-311G(2d,p)//B3LYP/6-

31G(d) level (Fig. 4c). The observed lowest-energy absorption 

bands were assigned to the HOMO–LUMO transitions. The 

calculated frontier orbitals were delocalized over the entire π-

electronic system, despite the highly curved structures. The 

calculated excitation wavelengths of the HOMO–LUMO 

transitions for twisted isomers ( = 415 nm for twisted-Naph7; 

 = 527 nm for twisted-Ant7;  = 705 nm for twisted-Tet743) 

were longer than those of the corresponding saddle isomers ( 

= 404 nm for saddle-Naph7;  = 507 nm for saddle-Ant7;  = 642 

nm for saddle-Tet743), which is consistent with the 

experimental results. We also calculated the energy-minimized 

geometry at the S1 state (Figure S46). The calculation results 

showed that the difference in emission wavelength between 

the saddle and twisted isomers increases with increasing acene 

length (Naph7 < Ant7 < Tet7). 

 

 

Fig. 5. (a) Structure (top and side views) of  saddle-Naph-H , (b) molecular orbital diagram of naphthalene, twisted-Naph7-H, and saddle-Naph7-H calculated at the B3LYP/6-

311G(2d,p) level, (c) scheme of deconvolution analysis of EHL into distortion and -extension effects (Edist and E-ext) for saddle-Naph7 as an example and summary of the 

deconvolution.

Distortion effect on the optical band gap of acenes 

The optical band gaps of Naph7/Ant7/Tet7 are considered as 

the band gap of the pristine acene being reduced by the 

structural distortion on the acene core (Edist) and the π-

extension of the diphenylene units (Eπ-ext); i.e. EHL(saddle-

Naph7) = EHL(naphthalene) + Edist + Eπ-ext (Fig. 5c). To 

quantify Edist and Eπ-ext for Naph7/Ant7/Tet7, we calculated 

the corresponding unsubstituted acene cores extracted from 

their energy-minimized structures (denoted as Naph7-H/Ant7-

H/Tet7-H, see Fig. 5a,b and Fig. S44). The difference in optical 

band gaps between Naph7-H/Ant7-H/Tet7-H and the 

corresponding pristine acenes was interpreted as the effect of 

distortion at the acene cores (Edist). Similarly, the difference in 

optical band gaps between Naph7-H/Ant7-H/Tet7-H and 

Naph7/Ant7/Tet7 was interpreted to be the effect of π-

extension (Eπ-ext). Accordingly, Edist and Eπ-ext for 

Naph7/Ant7/Tet7 were calculated and summarized in Fig. 5c 

and Table 1. The results revealed that both π-extension and 

structural distortion contribute comparably to EHL. 

Furthermore, the |Edist| values of twisted isomers were larger 
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than those of the corresponding saddle isomers. Conversely, 

the |Eπ-ext| values of twisted isomers were smaller than those 

of the corresponding saddle isomers. Therefore, the observed 

narrower optical band gaps of twisted isomers were ascribed to 

the larger distortion effect on the acene cores. The difference 

in Edist between the twisted and saddle conformations is 

consistent with the trend observed in a previous theoretical 

study, showing that the twisting acenes narrows the EHL, while 

bending distortions have little effect on EHL.26 

 

Table 1. Obtained distortion and π-extension effect on the optical band gaps of Naph7-

H/Ant7-H/Tet7-H. 

Cmpd. conformation EHL EHL Edist Eπ-ext 

Naph7 
twisted 3.42 −1.34 −0.40 −0.94 

saddle 3.48 −1.28 −0.33 −0.95 

Ant7 
twisted 2.75 −0.80 −0.32 −0.48 

saddle 2.78 −0.78 −0.26 −0.52 

Tet7 
twisted 2.22 −0.63 −0.34 −0.29 

saddle 2.11 −0.52 −0.22 −0.30 

Unit: eV. EHL = Edist + Eπ-ext 

Conclusions 

In summary, this work demonstrated that the incorporation 

of heptagons generally induces twisted and saddle-shaped 

structures into a series of acenes by in-plane strain. Structural 

and kinetic analyses revealed distinct conformational 

preferences, where the activation barriers for twisted-to-saddle 

isomerization increased with acene length (103.6 kJ·mol–1 for 

Ant7 and 136.2 kJ·mol–1 for Tet7 at 25 °C). Optical 

measurements and (TD-)DFT calculations showed that twisted 

isomers exhibited narrower HOMO–LUMO gaps compared to 

the saddle isomers (e.g., 2.75 eV for twisted-Ant7 and 2.77 eV 

for saddle-Ant7). Further investigations separately examined 

the effects of structural distortion and π-extension on the 

HOMO–LUMO gaps, indicating that the narrower band gaps of 

the twisted isomer can be ascribed to the induced twist within 

the acene cores. While the photophysical and chiroptical 

properties of Naph7 and Ant7 (e.g.,  = 0.20 for Naph7 and 

|gCD| = 3.7 × 10−3 for twisted-Ant7) are moderate compared to 

those of larger acenes, the systematic correlation between 

acene length and isomerization dynamics unveiled here offers 

crucial guidelines for material optimization. A current limitation 

of this methodology is the relatively low synthetic yield, which 

stems from the complex multi-step cyclization process. Future 

work will focus on optimizing reaction conditions to enhance 

the scalability and applications of these materials in high-

performance organic electronics.  
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